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Abstract 

We consider the most general gauge- invariant, chirality-conserving contact inter- 
actions in the process e+e" 7-Z', of the type proposed Abraham and Lampe, 
in order to explore the possibility of CP violation at future linear colliders in 
the presence of polarized beams. We hereby extend recent work on CP violation 
due to anomalous triple-gauge boson vertices. We isolate combinations of cou- 
plings which are genuinely CP violating, pointing out which of these can only be 
studied with the use of transverse polarization. We place constraints on these 
couplings that could arise from suitably defined CP-odd asymmetries, consider- 
ing realistic polarization (either longitudinal or transverse) of 80% and 60% for 
the electron and positron beams respectively, and with an integrated luminosity 
/ dtC of 500 fb~^ at a centre of mass energy of = 500 GeV. 
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1 Introduction 



An e+e" linear collider (LC) operating at a centre-of-mass (cm) energy of several hundred 
GeV is now a distinct possibility. At such a facihty, one would like to determine precisely 
known interactions, and discover or constrain new interactions. Longitudinal polarization of 
the e"*" and beams, which is expected to be feasible at such colliders, would be helpful 
in reducing background as well as enhancing the sensitivity. Spin rotators can be used 
to convert the longitudinal polarizations of the beams to transverse polarizations. These 
developments have led to a series of investigations on the use of transverse polarization in 
achieving these aims, see, e.g. [1] . 

One sensitive window to the possibility of observing new physics is through the observa- 
tion of CP violation in processes where it is expected to be either absent of suppressed in 
the standard model. In the context of CP violation, the role of transverse polarization has 
been studied in [2, 3, 4, 5, 6], whereas that of longitudinal polarization in [7, 8], and in ref- 
erences quoted therein. The potential of longitudinal polarization to improve the sensitivity 
of CP-violating observables has been known for a long time. The transverse polarization 
potential at the LC was recently proposed in the context of tt production [4] , where the need 
for chirality violating interactions for the observation of CP violation through top azimuthal 
distribution was emphasized. In case of a neutral final state, however, CP violation is possi- 
ble to observe even with chirality conserving interactions. In jZ production a CP-violating 
contribution can arise if anomalous CP-violating ^^Z and ^ZZ couplings are present [9, 10]. 
The interference of the contributions from these anomalous couplings with the SM contri- 
bution give rise to the polar-angle forward-backward asymmetry with unpolarized [9] or 
longitudinally polarized beams [10], as well as new combinations of polar and azimuthal 
asymmetries in the presence of transversely polarized beams [5] . 

However, there may be sources different from anomalous triple-gauge-boson vertices that 
could also contribute to such asymmetries. A set of model-independent form factors that 
are gauge invariant and chirality conserving were proposed as such sources in ref. [11] in the 
context of Z — > 667 events. It is the purpose of this work to make use of such general form 
factors for the process e'^e" 7Z to examine CP-violating asymmetries in the presence of 
longitudinal or transverse polarization. Our emphasis will however be on transverse polar- 
ization, since it provides a handle on a different and larger set of form factors, as will be 
seen below. We employ these form factors and evaluate their contribution to the differential 
cross section and pertinent asymmetries to leading order. 

In general, these form factors can be functions of both s and t; here we consider the 
dependence on t to be absent and treat them as constants at a fixed ^/s. The analysis would 
be considerably more complicated if we put in the dependence of form factors on t as well. 

Closely related sources of CP violation have been constrained experimentally at the LEP 
collider [12] in the reaction Z — > bbg (see also [13]) and have been considered elsewhere 
[14, 15]. 

In Sec. 2 we describe the form factors for the process of interest and compute the differ- 
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ential cross section due to the SM and the anomalous couphngs, the latter to leading order. 
In Sec. 3 we describe the construction of CP-odd asymmetries from which we can extract the 
anomalous couplings and provide a detailed discussion on their utility, followed by numerical 
results in Sec. 4. We find that the different anomalous couphngs can be constrained at a 
reahstic LC with design luminosities of 500 fb~^ at varying levels, lying between 10~^ — 10~^. 
In Sec.5 we summarize our conclusions. 

2 The process e+e" 7Z with anomalous form factors 

The process considered is 

e"(p-,s_) + e+(p+,s+) ^ 7(/ci,a) + Z(/c2,/3). (1) 

We shall assume that the amplitudes are generated by the standard model as well as a 
general set of CP- violating interactions of the type proposed by Abraham and Lampe [11]. 
They are completely determined by vertex factors that we denote by F^^^ and F^^. The 
vertex factor corresponding to SM is given by 

f 11 1 

4 sm t^vy COS t^vy [ f--^i f--if2 J 

In the above, the vector and axial vector Z couplings of the electron are 

gv = -I + ^s\v? Ow; gA = -i- (3) 

The anomalous form factors may be introduced via the following vertex factor: 

ie^ f 1 

4 sm y cos aw 
{(v2 + a2i5)p-p + + a375)p+^)(7«2p_ • ki - 2p_Ji)+ 

((V4 + a4l5)p~p + (V5 + a5l5)p+p)(la'2p+ ' h - 2p+Ji)^ + 

-\ {ve + 0675) ilahp -Ij^iQap)} ■ (4) 

This is the most general form of coupling consistent with Lorentz invariance, gauge invari- 
ance and chirality conservation. These couplings include contact interactions, as well as 
contributions from triple gauge vertices considered in [10, 5]. The latter would be a special 
case of our general interactions. We note here that not all the form factors are CP violating. 
The following combinations are CP odd: r2 + r^, + r^, r^; r — v,a. The combinations 
1^1, f2 — ^b-i — r = V, a, are even under CP. 



3 



When the e and e"*" beams have longitudinal polarizations Pl and Pl, we obtain the 
differential cross section for the process (1) to be 



da 



where 



s = Bl 
rriz 



1 + cos^ e + 



sin^e 



{s - If 



a 



with 



and 



1-PlPl 



<9v + 9a- '^PgvQA) 



.1=1 J 



(5) 



(6) 



(7) 



(8) 



The differential cross section for transverse polarizations Pt and Pt of e and e+ is given 

by 



da 

dn 



1 + cos^ e + 



where s is as before, 



{s-iy 



a 



2 2 \ ' 

PtPt ^X~^o sin^ e cos 20 ) + Ct 

gv + gA J 



(9) 



16 sin OwTTiiw^ 



(l-^) 



(10) 



and 



.2=1 



6 

PtPt X] ((fl'vlmt'i - t/AlmOi) cos 20 + (t/ARetii - t/yReOj) sin 20) 



(11) 



i=l 



Xj, (i = 1,...6) are given in Table 1. In the expressions above 9 is the angle between 
photon and the directions, and is the azimuthal angle of the photon, with e~ direction 
chosen as the z axis and the direction of its transverse polarization chosen as the x axis. 
The e+ transverse polarization direction is chosen parallel to the e" transverse polarization 
direction. 

We have kept only terms of leading order in the anomalous couplings, since they are 
expected to be small. The above expression may be obtained either by using standard trace 
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X, 


Y, 


1 


-2s(s + l) 





2 


s(s- l)(cos^- 1) 





3 





s{s- l)(cos^ - 1) 


4 





l)(cos^ + 1) 


5 


s(s- l)(cos^ + 1) 





6 


2(s - l)cos^ 


2(s- l)cos^ 



Table 1: The contribution of the new couphngs to the polarization independent and depen- 
dent parts of the cross section 



techniques for Dirac spinors with a transverse spin four-vector, or by first calculating helicity 
amplitudes and then writing transverse polarization states in terms of helicity states. We 
note that the contribution of the interference between the SM amplitude and the anomalous 
amplitude vanishes for s — m|. The reason for this is that for s — m| the photon in the final 
state is produced with zero energy and momentum, and for for the photon four-momentum 
ki = 0, the anomalous contribution (4) vanishes identically. A noteworthy feature of the 
result is that with the exception of the case of Vq and ag, the anomalous form factors either 
contribute to the transverse polarization dependent part, or to the longitudinal polarization 
dependent and polarization independent parts of the differential cross section, but not both. 
It is only for the case of z = 6 that the differential cross section receives contribution to 
both. We note that the results corresponding to the case of the anomalous triple-gauge- 
boson vertices [5] is reproduced by the choice Vi = ai = {i ^ 6), ve = {gvM — A2)/2 and 
oe = 5'aAi/2. 

It is also interesting to note that the combination r2 + r5 + r3 + give the same angular 
distribution as re, and that the combination r2 — gives the same angular distribution 
as ri (with r standing for v and a in both cases). This implies that so far as the angular 
distribution from the interference terms is concerned, the number of independent form factors 
is less than what is displayed in eq. (4). In fact, there are only 6 independent quantities 
that can be determined by the angular distribution, which are the coefficients of the various 
combinations of trigonometric functions occurring in the angular distribution, of which 3 
are CP violating. On the other hand, the number of independent form factors being 12, the 
number of real parameters it corresponds to is 24. Clearly, not all these can be determined 
by the angular distribution, but only certain linear combinations. Moreover, so far as the 
real parts of form factors are concerned, it is only the combinations gA^eVi — gyHeai which 
appear. Thus it is not possible to separately determine the real parts of Vi and Oj. 

The angular distribution derived above can be used to construct various asymmetries 
which can isolate CP-conserving as well as CP-violating combinations of form factors. We 
will however concentrate only on CP-violating form factor in what follows. 
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3 CP-odd asymmetries 



We now present a discussion of the possible CP-odd asymmetries in the process. 

We first take up the case of transverse polarization. In order to understand the CP 
properties of various terms in the differential cross section, we note the following relations: 

P-^i = ^l^ilcos^ , (12) 

(P X s_ • h){s+ ■ ki) + (P X s+ • ki){s- ■ h) = ^|^i|^sin^esin2(/) , (13) 
(s_ • s+)(P -Pkx-kx-P- kiP ■ki)-2{P- P)(s_ • ki){s+ ■ ki) ^ -^\ki\'^ sin^ ^cos20 , (14) 

— * -, — * 

where P = ^{P- ~ 'P+)i ^^^d is assumed that — S-. Observing that the vector P is C 

— * 

and P odd, that the photon momentum ki is C even but P odd, and that the spin vectors 
s± are P even, and go into each other under C, we can immediately check that only the 
left-hand side (Ihs) of eq. (12) is CP odd, while the Ihs of eqs. (13) and (14) are CP even. 
Of all the above, only the Ihs of (13) is odd under naive time reversal T. In the light of 
the observations above, as well as the general discussion provided in the previous section 
on the CP properties of (combinations of) the form factors, we note that it is only the 
coefficients of r2 + rs, rs -|- r4, rg, r — v,a that have a pure cos^ dependence. Consequently, 
the coefficients of the combinations ri, r2 — r^, — r4, r = v, a, have no cos^ dependence. 
Moreover, invariance under CPT implies that terms with the right-hand side (rhs) of (12) 
by itself, or multiplying the rhs of (14) would occur with absorptive (imaginary) parts of 
the form factors, whereas the rhs of (12) multiplied by the rhs of (13) would appear with 
dispersive (real) parts of the form factors. We will see this explicitly below when we construct 
asymmetries which isolate the various angular dependences. 

For longitudinal polarization, in addition to (12), there is another CP-odd quantity, viz., 

- (s_ -|- s+) ■ ki = \ki\ cos 6' . (15) 

Zi 

While this is also proportional to cos^ hke (12), it is expected to appear with a factor 
(Pl — Pl) multiplying it. It is also CPT odd, and would therefore occur with the absorptive 
parts of form factors. 

We now proceed to construct asymmetries of interest and derive the numerical conse- 
quences to the anomalous form factors. We begin by noting that we shall assume a cut-off 
^0 on the polar angle 9 of the photon in the forward and backward directions. This cut-off is 
needed to stay away from the beam pipe. It can further be chosen to optimize the sensitivity. 
The total cross section corresponding to the cut 6q < 6 < n — 6q can then be easily obtained 
by integrating the differential cross section above. 
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We now define the following CP-odd asymmetries, Ai{9o), ^2(^0), ^3(^0)^ which combine, 
in general, a forward-backward asymmetry with an appropriate asymmetry in 0, so as to 
isolate appropriate anomalous couplings: 



A = — ^(-1)" / dcosO- dcosO] 

Co „=o \^ J-cosOo J J-K 



(n+l)/2 da 
Tm/2 ail 



(16) 



I 3 / /.cos 00 rO \ /.7r(2n+l)/4 (j^g- 

- — V(-l)" / dcosO- dcose] d(f)^, (17) 

(Jo ^0 yO cos 6*0 / >/7r(2n-l)/4 dll 



and 



(^0 



dcos 9 



— cos Oq 



-f 

Jo 



dcos 6 



2tt 



da 

dn' 



with 



(To = CTq 



/cos Oo r'2-K 
dcosO / d(t) 
- cos 6q Jo 



da 

dn 



(18) 



(19) 



Of the asymmetries above, Ai and A2 exist only in the presence of transverse polarization, 
and are easily evaluated to be 

Ai{eo) = B't PtPt [qa {s{Rev^ + Re'y4) + 2Re'y6} - gv {s{Rea^ + Reai) + 2Rea6}] , (20) 

^2(^0) = B'rp PtPt [gv {s(Im-U3 + lm-U4) + 2Imf6} - gA {s(Ima3 + Ima4) 2Ima6}] , (21) 



In the equations above, we have defined 



Bt{s - I) cos^ Oo 
{9v + 9a)(^o 



with 



a^ = AttBt 



+ 1 / 1 + cosgo ^ 
1 1 — cos ^0 



COS 9o 



(22) 



(23) 



Alternatively, with transverse polarization we could use for A3 the definition of ref.[5] which would 

receive contributions from both polarization independent and dependent parts of the cross sections. This 
would then result in A3{0o) = B'j.^ [gA {s(Ima2 + Imas) + 2Ima6} + gv {s{lm.V2 + Imvs) + 21mvQ}]+A2{0o)- 
With polarization flips, it would then be possible to separate real and imaginary parts of + r4 + ^rg/s, 
(r = v,a), from Ai and A2, and imaginary parts of r2 + + Srg/s, (r = w,a) from this A3. With the 
present definition, however, the role of longitudinal polarization in enhancing the sensitivity of observables 
is particularly transparent. 
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The asymmetry A3 is independent of transverse polarization and is found to be 



^3(^0) = B'l- [{qa - Pgv) {s(Ima2 + Imos) + 2Ima6} 

+ {gv - Pqa) {s(Im'y2 + Imv^) + 2Im'y6}] , 



(24) 



where 



with 



Bl{1-PlPl)(s-1)cos^9o 
{9v + 9a-'^P9v9a)(7^ 



4 



47iBl{1-PlPl) 




1 / 1 + cosgo 
1 1 - cos 6*0 , 



— cos 6(] 



(25) 



(26) 



We now make some observations on the above expressions which justify the choice of 
our asymmetries and highUght the novel features of our work. It can be seen that Ai{6o) 
is proportional to combinations of Ref j, Rea^, and the other two asymmetries depend on 
combinations of Imvi, Imoi. Indeed, but for the case i = 6, one of the latter asymmetries 
depends on a specific combination of couplings that is complementary to that which shows 
up in the other. The case of the anomalous triple-gauge-boson vertex is similar to that of 
the case i = 6 since in this case there arc contributions to both the polarization dependent 
as well as the polarization independent part of the cross section. 



4 Numerical Results 

We have several form factors, and if all of them are present simultaneously, the analysis of 
numerical results would be complicated. We therefore choose one form factor to be nonzero 
at a time to discuss numerical results. 

We first take up for illustration the case when only Re is nonzero, since the results for 
other CP-violating combinations can be deduced from this case. We choose Pt = 0.8 and 
Pt = 0.6, and vanishing longitudinal polarization for this case. Fig. 1 shows the asymmetries 

as a function of the cut-off when the values of the anomalous couplings Re Vq (for the 
case of ^1) and Im vq (for the case of A2 and A3) alone are set to unity. The asymmetries 
vanish not only for 9q = 0, by definition, but also for 9o — 90°, because they are proportional 
to cos^o- Also, they peak at around 45°. 

We have calculated 90% CL limits that can be obtained with a LC with ^/s = 500 GeV, 
/ Ldt — 500 fb~^, Pt — 0.8, and Pt — 0.6 making use of the asymmetries Ai (i = 1, 2). For 
A3, we assume unpolarized beams. 

The limiting value f^™ ( i.e. the respective real or imaginary part of the coupling) is 
related to the value A of the asymmetry for unit value of the coupling constant. 



20 40 60 80 

So 

Figure 1: The asymmetries Ai{9o) (solid line), ^2(^0) (dashed line) and ^3(^0) (dotted line), 
defined in the text, plotted as functions of the cut-off Oq for a value of Re = Im = 1. 

where Nsm is the number of SM events. 

The curves from Ai corresponding to setting only Re Vq nonzero, and from A2 and A^ 
corresponding to keeping only Im vq nonzero are illustrated in Fig. 2. We note that there is 
a stable plateau for a choice of 9o such that 10° ^60'^ 40°; and we choose the optimal value 
of 26°. The sensitivity corresponding to this for Re vq is ~ 3.1 • 10~^. 

The results for the other couplings may be inferred in a straightforward manner from the 
explicit example above. For the asymmetry Ai, if we were to set f3(t'4) to unity, with all 
the other couplings to zero, then the asymmetry would be simply scaled up by a value s/2, 
which for the case at hand is ~ 14.8. The corresponding hmiting value would be suppressed 
by the reciprocal of this factor. 

The results for the couplings Re a^, i = 2, 5, 6, compared to what we have for the vector 
couplings would be scaled by a factor gv/gA — 0.07 for the asymmetries and by the reciprocal 
of this factor for the sensitivities. 

The results coming out of the asymmetry A2 are such that the sensitivities of the imagi- 
nary parts of V and a are interchanged vis a vis what we have for the real parts coming out 
of Ai. 

The final set of results we have is for the form factors that may be analyzed via the 
asymmetry ^43, which depends only on longitudinal polarizations. We treat the cases of 
unpolarized beams and longitudinally polarized beams with — 0.8, and Pl — —0.6 
separately. For the unpolarized case, the results here for Im vq correspond to those coming 
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Figure 2: The 90% CL. limit on Re from the asymmetry Ai{6q) (sohd hne), and on Im vq 
from ^2(6*0) (dashed line) and ^43(6*0) (dotted line), plotted as functions of the cut-off 9q. 



from A2, with the asymmetry scaled up now by a factor corresponding to 7r/2 and a further 
factor {PtPt)~^ (— 2.1), which yields an overall factor of ~ 3.3. The corresponding 
sensitivity is smaller is by the same factor. Indeed, the results we now obtain for Imi'j, i = 3, 4 
are related to those obtained from A2 for i = 2, 5 by the same factor. 

For the case with longitudinal polarization, the sensitivities for the relevant Imf j are 
enhanced by almost an order of magnitude, whereas the sensitivities for Imoj are improved 
marginally. For the case of anomalous triple gauge-boson couplings contributing to the 
process, a similar conclusion was obtained in [10]. 

All the results discussed above are now summarized in the Tables 2, 3 and 4. 
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A, 


A2 


Rc 


Re f 4 


Re f 6 


Im ?;3 


Im 


Im f 6 


2.1 ■ 10-4 


2.1 ■ 10-4 


3.1 ■ 10--^ 


3.1 ■ 10-'^ 


3.1 ■ 10-^ 


4.6 ■ 10-2 


Re as 


Re 04 


Re Oe 


Im as 


Im as 


Im ae 


3.1 • 10-3 


3.1 • 10-3 


4.6 • 10-2 


2.1 • 10-4 


2.1 • 10-4 


3.1 • 10-3 



Table 2: Table of sensitivities obtainable at the LC with the machine and operating param- 
eters given in the text for the asymmetries Ai and A2. 



A, 


Im f 2 


Im f 5 


Im f 6 


9.3 ■ 10-4 


9.3 • 10-4 


1.4-10-2 


Im a2 


Im a5 


Im ae 


6.4 • 10-5 


6.4 • 10-5 


9.6 • 10-4 



Table 3: Table of sensitivities obtainable at the LC with the machine and operating param- 
eters given in the text for the asymmetries A^ with unpolarized or transversely polarized 
beams. 



^3 


Im V2 


Im 


Im vq 


5.6 • 10-5 


5.6 • 10-5 


8.4 • 10-4 


Ini «2 


Ini «5 


Im «(, 


5.2 • 10-5 


5.2 • 10-5 


7.9 • 10-4 



Table 4: Table of sensitivities obtainable at the LC with the machine and operating param- 
eters given in the text for the asymmetries A^ with longitudinally polarized beams. 



11 



5 Conclusions 



Forward-backward asymmetry of a neutral particle with polarized beams as a signal of CP 
violation has been studied here in some generality. We have considered a general form-factor 
parametrization and have isolated from these (combinations of) CP-violating form factors. 
Only one out of these corresponding to i = 6 has the special property of contributing to both 
polarization dependent as well as independent parts of the cross section. Two out of the 
rest corresponding to i = 2, 5 can have observable consequences in the absence of transverse 
polarization, while those corresponding to i = 3, 4 can only be studied in the presence of 
transverse polarization. Since the former ones occur in the asymmetry A3 which is even 
under naive time reversal, the CPT theorem implies that in such a case the asymmetry is 
proportional to the absorptive part of the amplitude. The sensitivities for Im f j (i = 2, 5) are 
improved by an order of magnitude with the use of longitudinal polarization, whereas the 
sensitivities for Im {i = 2, 5) are improved only marginally. The asymmetry Ai that we 
study in the presence of transverse polarizations includes also an azimuthal angle asymmetry, 
which makes it odd under naive time reversal. It is thus proportional to the real part of the 
couplings. This real part cannot be studied without transverse polarization. 

In general, one can conclude that longitudinal beam polarization plays a useful role 
in improving the sensitivity to absorptive parts of CP-violating form factors, which are 
amenable to measurement even without polarization. However, transverse polarization en- 
ables measurement of dispersive parts of certain form factors which are inaccessible without 
polarization or with longitudinal polarization. 

This work extends recent results where CP violation due to anomalous triple-gauge-boson 
vertices was considered. Anomalous triple-gauge-boson couplings would occur at loop level 
through triangle diagrams in theories like minimal supersymmetric standard model (MSSM) 
[16] or multi-Higgs models involving particles beyond SM coupling to gauge bosons. The 
form factors we consider here include these contributions, as well as additional form factors 
which might also arise in these theories through box diagrams [17]. It is thus natural to 
include all form factors. We have shown that with typical LC energies and realistic integrated 
luminosities and degrees of electron and positron beam polarization, a window of opportunity 
for the discovery of new physics can be opened. 
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